Microtopographic features, such as polygonal ground, are characteristic sources of 18 landscape heterogeneity in the Alaskan Arctic coastal plain. Here, we analyze the effects of 19 snow redistribution (SR) and lateral subsurface processes on hydrologic and thermal states 20 at a polygonal tundra site near Barrow, Alaska. We extended the land model integrated in 21 the ACME Earth System Model (ESM) to redistribute incoming snow by accounting for 22 microtopography and incorporated subsurface lateral transport of water and energy 23 (ALMv0-3D). Three 10-years long simulations were performed for a transect across 24 polygonal tundra landscape at the Barrow Environmental Observatory in Alaska to isolate 25 the impact of SR and subsurface process representation. When SR was included, model 26 results show a better agreement (higher R 2 with lower bias and RMSE) for the observed 27 differences in snow depth between polygonal rims and centers. The model was also able to 28 accurately reproduce observed soil temperature vertical profiles in the polygon rims and 29 centers (overall bias, RMSE, and R 2 of 0.59 0 C, 1.82 0 C, and 0.99, respectively). The spatial 30 heterogeneity of snow depth during the winter due to SR generated surface soil 31 2 temperature heterogeneity that propagated in depth and time and led to ~10 cm shallower 32 and ~5 cm deeper maximum annual thaw depths under the polygon rims and centers, 33 respectively. Additionally, SR led to spatial heterogeneity in surface energy fluxes and soil 34 moisture during the summer. Excluding lateral subsurface hydrologic and thermal 35 processes led to small effects on mean states but an overestimation of spatial variability in 36 soil moisture and soil temperature as subsurface liquid pressure and thermal gradients 37 were artificially prevented from spatially dissipating over time. The effect of lateral 38 subsurface processes on active layer depths was modest with mean absolute difference of 39 ~3 cm. Our integration of three-dimensional subsurface hydrologic and thermal subsurface 40 dynamics in the ACME land model will facilitate a wide range of analyses heretofore 41 impossible in an ESM context. 42
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Introduction

43
The northern circumpolar permafrost region, which contains ~1700 Pg of organic 44 carbon down to 3 m (Tarnocai et al., 2009) , is predicted to experience disproportionately 45 larger future warming compared to the tropics and temperate latitudes (Holland and Bitz, 46 2003) . Recent warming in the Arctic has led to changes in lake area (Smith et al., 2005) , 47 snow cover duration and extent (Callaghan et al., 2011a) , vegetation cover (Sturm et al., 48 2005), growing season length (Smith et al., 2004) , thaw depth (Schuur et al., 2008) , 49 permafrost stability (Jorgenson et al., 2006) , and land-atmosphere feedbacks ( 
ALMv0 Description
156
We developed the capability to represent three-dimensional hydrology and thermal 157 dynamics in ALMv0 (Zhu et al., 2016b) , and call the new model ALMv0-3D. ALMv0 was 158 derived from CLM4.5 (Ghimire et al., 2016; Koven et al., 2013) , and is the land model 159 integrated in the ACME Earth System Model (ESM). The model represents coupled plant 160 biophysics, soil hydrology, and soil biogeochemistry (Oleson et al. 2013 ). We run ALMv0-161 3D here with prescribed plant phenology (called Satellite Phenology (SP) mode), since our 162 focus is on the thermal dynamics of the system, rather than the C cycle dynamics. 163 
Representing Two-and Three-Dimensional Physics
where C is a constant hydraulic potential above the water 
where ! [m] is the equilibrium soil matric potential. Substituting equations (3) and (4) 175 into equation (1) yields the equation for the vertical transport of water in ALMv0: 176
A finite volume spatial discretization and implicit temporal discretization with Taylor 177 series expansion leads to a tri-diagonal system of equations. We extended this 1-D Richards 178 equation to a 3-D representation integrated in ALMv0-3D, which is presented next. 179
We use a cell-centered finite volume discretization to decompose the spatial domain 180 into non-overlapping control volumes,
and Γ ! represents the 181 boundary of the -th control volume. Applying a finite volume integral to equation (1) and 182 the divergence theorem yields 183
The spatially discretized equation for the -th grid cell that has ! volume and ! neighbors 184 is given by 185
For the sake of simplicity in presenting the discretized equation, we assume the 3-D grid is 186 a Cartesian grid with each grid cell having a thickness of ∆ , ∆ , and ∆ in the , , and 187 directions, respectively. Using an implicit time integral, the 3-D discretized equation at time 188 + 1 for a ( , , ) control volume is given as 189
where ! , ! and ! are Darcy flux in the , , and directions, respectively and ∆ !,!,! !!! is the 190 change in volumetric soil liquid water in time ∆ . Using the same approach as Oleson 191 Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-71 Manuscript under review for journal Geosci. Model Dev. 
The linearized Darcy fluxes in the and directions are computed similarly. Substituting 195 equation (9) in equation (8) results in a banded matrix of the form 196
where , , and are subdiagonal entries; , , and are superdiagonal entries; is 197 diagonal entry of the banded matrix; and is a column vector given by 198 
where is the weight in the Crank-Nicholson method and set to 0.5 in this study. 218
Substituting a discretized form of heat flux using equation (20) in equation (23), results in 219 a banded matrix of the form 220
where , , and are subdiagonal entries; , , and are superdiagonal entries; is 221 diagonal entry of the banded matrix; and is a column vector given by 222 
The coefficients of equation (24) After testing, the model was used to investigate the effect of snow redistribution and 301 redistribution and 1D physics; (2) snow redistribution and 1D physics; and (3) snow 303 redistribution and 2D physics. Between these scenarios, we compared vertically-resolved 304 soil temperature and liquid saturation, active layer depth, and mean and spatial variation of 305 latent and sensible heat fluxes across the 10 years of simulations. For each soil column, the 306 simulated soil temperature was interpolated vertically and the active layer depth was 307 estimated as the maximum depth that had above-freezing soil temperature. 308 With 1D physics, the average spatial and temporal difference of the active layer 367 depth (ALD) between simulations with and without SR was 1.7 cm (Figure 7a) , and the 368 absolute difference was 6.5 cm. As described above, we diagnosed the ALD to be the 369 maximum soil depth during the summer at which vertically interpolated soil temperature 370 is 0 °C. On average, the rims had ~10 cm shallower ALD with (blue line) than without 371 (green line) SR, consistent with the loss of insulation from SR on the rims during the 372 winter. In the centers (e.g., at location 42 -55 m), the thaw depth was deeper by ~5 cm 373 with SR because of the higher snow depth there from SR. The effect of SR on the ALD was 374 largest on the rims because, compared to centers, they (1) on average lost more snow with 375 SR and (2) are more thermally conductive. Since rims are therefore colder at the time of 376 snowmelt with SR, the ground heat flux during the subsequent summer was unable to thaw 377 the soil column as deeply as when SR is ignored. The effect of 1D versus 2D physics on the ALD across the transect was modest 389 (mean absolute difference ~3 cm). Generally, because 2D physics allows for lateral energy 390 diffusion, the horizontal variation of ALD was slightly lower (i.e., the red line is smoother 391 than the blue line; Figure 7a ) than with 1D physics. This difference was also reflected in the 392 thaw depth IAV across the transect, where 2D physics led to a smoother lateral profile of 393 inter-annual variability than with 1D physics. 394
Results and Discussion
The impact of physics formulation (i.e., 1D or 2D) alone was investigated by 395 analyzing differences between soil temperature profiles over time for polygon rims and 396 centers in simulations with snow redistribution. Inclusion of 2D subsurface physics 397 resulted in soil temperatures with depth and time that were lower in the polygon rims 398 
Caveats and Future Work
442
The good agreement between ALMv0-3D predictions and soil temperature 443 observations demonstrate the model's capabilities to represent this very spatially 444 heterogeneous and complex system. However, several caveats to our conclusions remain 445 due to uncertainties in model parameterizations, model structure, and climate forcing data.
Because of computational constraints, we applied a 2D transect domain to the site, 447
instead of a full 3D domain. We are working to improve the computational efficiency of the 448 model, which will facilitate a thorough analysis of the effects of 3D subsurface energy and 449 water fluxes. A related issue is our simplified treatment of surface water flows. A thorough 450 analysis of the effects of surface water redistribution would require integration of a 2D 451 surface thermal flow model with the ALMv0-3D in a 3D domain, which is another goal for 452 our future work. However, we note that the good agreement using the 2D model domain 453 supports the idea that a two-dimensional simplification may be appropriate for this system. 454
The expected geomorphological changes in these systems over the coming decades (e.g., 455
Liljedahl et al. 2016), which will certainly affect soil temperature and moisture, are not 456 currently represented in ALM, although incorporation of these processes is a long-term 457 development goal. 458
The current representation of vegetation in ALMv0-3D for these polygonal tundra 459 systems is over-simplified. For example, non-vascular plants (mosses and lichens) are not 460 explicitly represented in the model, but can be responsible for a majority of evaporative 461 losses (Miller et al., 1976) and are strongly influenced by near surface hydrologic 462 conditions (Williams and Flanagan, 1996) 
Summary and Conclusions
469
We analyzed the effects of microtopographical surface heterogeneity and lateral 470 subsurface transport in a polygonal tundra landscape on soil temperature, soil moisture, 471 and surface energy exchanges. Starting from the climate-scale land model ALMv0, we 472 incorporated in ALMv0-3D numerical representations of subsurface water and energy 473 lateral transport that are solved using PETSc. A simple method for redistributing incoming 474 snow along the microtopographic transect was also integrated in the model. 475 Over the observational record, ALMv0-3D with snow redistribution and lateral heat 476 and hydrological fluxes accurately predicted snow depth and soil temperature vertical 477 profiles in the polygon rims and centers (overall bias, RMSE, and R 2 of 0.59 0 C, 1.82 0 C and 478 0.99, respectively). In the rims, the transition to thawed soil in spring, summer 479 temperature dynamics, and minimum temperatures during the winter were all accurately 480 predicted. In the centers, a ~2°C warm bias in April in the 75-100 cm soil layer was 481 predicted, although this bias disappeared during snowmelt. 482
The spatial heterogeneity of snow depth during the winter due to snow 483 redistribution generated surface soil temperature heterogeneity that propagated into the 484 soil over time. The temporal and spatial variation of snow depth was affected by snow 485 The monthly-and spatial-mean predicted latent and sensible heat fluxes were 499 unaffected by snow redistribution and lateral heat and hydrological fluxes. However, snow 500 redistribution led to spatial heterogeneity in surface energy fluxes and soil moisture during 501 the summer. Excluding lateral subsurface hydrologic and thermal processes led to an over 502 prediction of spatial variability in soil moisture and soil temperature because subsurface 503 gradients were artificially prevented from laterally dissipating over time. Snow 504 redistribution effects on soil moisture heterogeneity were larger than those associated 505 with lateral thermal fluxes. 506 
